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Nonlinear magneto-optical rotation (NMOR) is investi-
gated at high light powers where the rotation is signi�cantly
modi�ed by AC Stark shifts. These shifts are shown to change
the overall sign of rotation for closed F ! F + 1 transitions
as light power is increased. The e�ect is demonstrated by
measurements in rubidium and density matrix calculations.
The results are important for applications of nonlinear opti-
cal rotation such as sensitive magnetometry.
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Nonlinear magneto-optical rotation (NMOR) arises
when su�ciently intense light interacts with atoms in
the presence of a magnetic �eld [1,2]. Recently, two ap-
proaches to NMOR-based magnetometry, one involving
ultranarrow (1 Hz) resonances [3,4], and the other using
high density atomic samples [5], have been investigated.
The optimum sensitivity in both approaches is achieved
for light powers where the number of optical pumping
cycles during the relaxation time of ground state coher-
ences exceeds unity. Here we show that under such condi-
tions the dominant physical mechanism causing NMOR
can be quite di�erent from that in the low light power
regime (well described by a perturbative model [6]). In
particular, we show that alignment-to-orientation conver-
sion [7{12] due to the combined action of the magnetic
�eld and light electric �eld is the primary mechanism
responsible for NMOR at the light frequencies and inten-
sities where the highest sensitivity to magnetic �elds is
achieved [4].
Here we consider nonlinear magneto-optic e�ects re-

lated to the evolution of atomic polarization moments
(the coherence e�ects) in the Faraday geometry, where
the magnetic �eld is oriented along the direction of light
propagation. For low light intensities, the coherence ef-
fects are well described in terms of a three stage process
[6,3]: (1) atoms are optically pumped into an aligned
state, causing the atomic vapor to acquire linear dichro-
ism, (2) the atomic alignment precesses in the magnetic
�eld, rotating the axis of dichroism, and (3) the light
polarization is rotated by interaction with the dichroic
atomic medium, since the alignment is no longer along
the direction of light polarization. This model pre-
dicts that for closed transitions, the sign of NMOR for
F ! F � 1; F transitions should be opposite to the sign
of optical rotation for F ! F +1 transitions [13] (where
F is the total angular momentum in the ground state), as

has been observed for relatively low light intensities [6,3].
However, as light power is increased, we have observed
that NMOR for closed F ! F+1 transitions changes sign
- indicating that a di�erent physical mechanism becomes
dominant.
The setup for the present measurements is shown in

Fig. 1. In Fig. 2, NMOR spectra for the rubidium D2
line (780 nm) at a �xed magnetic �eld at two di�erent
light powers are compared to density matrix calculations
[14]. A density matrix is written for each ground state
hyper�ne level containing the ground state and all excited
states accessible via optical transitions. The e�ects of
repopulation pumping are included in the calculations.
Note that the sign of rotation for the 87Rb F = 2 ! 3
and 85Rb F = 3 ! 4 components reverse at the higher
light power.

FIG. 1. Schematic diagram of experimental setup, see also
Ref. [2]. The laser is an external cavity diode laser (EOSI
2010). The uncoated cylindrical glass vapor cell contains a
natural isotopic mixture of Rb. A - attenuator, P - linear
polarizer, PBS - polarizing beamsplitter used to measure po-
larization rotation, PD-1,2 - photodiodes.

In order to illustrate the mechanisms responsible for
this e�ect, we consider the simpler cases of closed, spec-
trally isolated 1 ! 0 and 1 ! 2 transitions with sepa-
rated pump, precession, and probe �elds (Fig. 3). The
pump light frequency is held �xed on resonance and the
power corresponds to the optical pumping saturation pa-
rameter � = d2E2

0
=(0t) � 1, where d is the transition

dipole moment, E0 is the amplitude of the light elec-
tric �eld, and 

t
is the transit rate of the atoms, cho-

sen to be the same for each region. The probe light
power corresponds to � � 1. In the precession region
there is a magnetic �eld in the ẑ direction of magnitude
B
z
� 

t
=(2g

F
�) where g

F
is the ground state Land�e fac-

tor and � is the Bohr magneton. To simulate the e�ect
of AC Stark shifts on precession in the experiment, a DC
electric �eld is applied in the x̂ direction.
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FIG. 2. Comparison of experimental NMOR spectra to
density matrix calculations. Dots - data points, solid curves
- theory. O�set vertical bars indicate the central frequen-
cies and calculated relative contribution of di�erent hyper�ne
components (F ! F 0) to the overall rotation. Magnetic �eld
is � 0.1 G (where NMOR is relatively large and coherence
e�ects dominate), laser beam diameter is � 3.5 mm, and Rb
density is � 1010 atoms/cm3. The theory assumes an opti-
cally thin sample and a uniform spatial light power distribu-
tion (scaled to account for absorption). Residual discrepan-
cies between data and experiment are believed to be related
to the attenuation of the laser beam as it propagates through
the cell.

FIG. 3. Schematic diagram of an experiment with sepa-
rated pump, precession, and probe �elds. Atoms move with
constant velocity in the ŷ direction. The light �elds are lin-
early polarized along the x̂ direction.

Figure 4 shows the calculated frequency dependence
of NMOR. Also shown are the symmetric and antisym-
metric (with respect to probe detuning) contributions
to the rotation. The symmetric contribution has a fre-
quency dependence characteristic of the imaginary part
of the refractive index and is related to linear dichro-
ism. The antisymmetric contribution, which appears
only with nonzero electric �eld in the precession region,
behaves as the real part of the refractive index and is
the e�ect of circular birefringence. This implies that a
component of atomic orientation along the ẑ direction is
created in the precession region.
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FIG. 4. Calculated Doppler-free optical rotation spec-
tra for separated pump, precession, and probe �elds.
� � !L � !0, !0 is the resonance frequency of the transi-
tion and !L is the probe light frequency; l=l0 is the number
of unsaturated absorption lengths; �s = d2E2

s=(!0t). The
maximum rotation angle obtained for the 1! 2 transition is
smaller than that for the 1 ! 0 case because of less e�cient
alignment creation via optical pumping and a reduced e�ect
of ground state polarization on absorption and refraction.

The conversion of the atomic alignment produced in
the pump region into orientation can be understood in
the following way. The alignment (quadrupole moment)
produced by optical pumping is along x̂. Therefore, as
can be seen from symmetry considerations, no orienta-
tion can be produced in the precession region by the ac-
tion of the electric �eld alone. However, if the axes of
the quadrupole moment are rotated with respect to the
electric �eld, alignment can be converted into orientation
[8]. The magnetic �eld in the precession region causes the

quadrupole moment Q
$

to precess, thus the electric �eld
is able to produce orientation. The induced orientation
~O for small electric ~E

s
and magnetic ~B �elds is given by:

~O / ~E
s
� ~B �

�
Q
$

� ~E
s

�
: (1)

The sign of the quadrupole moment produced by optical
pumping is opposite for 1 ! 2 and 1 ! 0 transitions,
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